The influence of packaging on the behaviour of a 2 -0 thermal wind sensor has been investigated. Non-ideal packaging increases ,the thermal asymmetry in the sensor, which in turn distorts its output signal. Such distortion can be compensated for b;y adjusting the heat distribution in the sensor. Using a combination of CAD modeling techniques, expressions have been derived from which the compensating heat distribution may be directly computed from the uncompensated sensor output.
INTRODUCTION
A 2-D thermal wind sensor measures wind speed and direction by measuring temperature differences induced by an airflow that passes along the sensor's surface [ 11. The sensor consists of a sensor chip, which is protected from the environment by gluing it to one side of a thin ceramic disc.
If the chip is not glued exactly in the center of the disc, the sensor becomes thermally asymmetric. This distorts the output signal of the sensor. The distortion can be compensated for by adjusting the heat distribution in the sensor [ 2 ] .
In practice, however, this is done manually on a trial-anderror basis.
In this paper we investigate the influence of packaging on the behaviour of the thermal wind sensor using a combination of modeling techniques. A method of calculating the compensating heat distribution is presented.
DESCRIPTION OF THE PROBLEM
The thermal wind sensor Operation of the sensor relies on the fact that an object will be asymmetrically cooled by airflow when its temperature is higher temperature than that of the flow. The thermal wind sensor consists of a square silicon chip realized in a standard bipolar process. In it, four integrated heaters are used to heat the sensor and four integrated thermopiles measure flow-induced temperature differences. The chip's size is 4x4 mm' , and its thickness is 0.35 mm. The thermopiles consist of 22 p'-silicon/aluminum thermocouples. The sensitivity of the thermopile is about 13 mV/K.. Each thermopile is divided into two serially connected parts placed at opposite sides of the chip, thus ensuring maximal sensitivity As discussed in [2] , the temperature difference between the hot and the cold end of the thermopiles in directions EastWest and North-South can be represented by:
where AT is the overheat temperature and F(U) is a function of the airflow velocity.
The output of a thermopile is:
where AThc is the temperature difference between the ends of the thermopile, a is the sensitivity of the thermopiles. Hence, the output signal of the sensor is then: 
is the amplitude of the signal. As has been shown in [l] , this is proportional to the square root of flow speed. The direction of the flow is given by:
Thermal unbalance
As discussed in the introduction, proper packaging of the sensor is required for an optimal performance. It is of great importance that the chip is correctly positioned on the ceramic carrier. Heat is distributed in the wind sensor by thermal conduction and is lost to the airflow by forced convection. Because of the symmetrical structure of the sensor, a hot spot will be formed in the middle of the sensor. Any displacement of the chip from the center of the carrier disturbs the thermal balance in the structure. The structure becomes thermally asymmetrical and the location of the hot spot will shift. This implies that at zero flow there will be a temperature gradient in the chip and thus the output of the thermopiles will be non-zero.
Due to manufacturing tolerances, there will always be some displacement of the chip from the exact center of the carrier. The effect of the thermal asymmetry is then observed as a distortion of the nominal sine and cosine output signals of the sensor and the addition of an offset term [l] . In this case the output of the sensor is described by:
where aEw and aNs are the offset terms, and @*EW and @*Ns are direction-angle corrections (a correction between the zero of the rotation scale and the zero of the flow direction)
To compensate for this, the heat distribution in the sensor is adjusted manually so as to approximately cancel the measured offset. The residual offset is then ,removed electronically using calibration data. The residual error is then about 3" in the measured flow angle and 3 % in the measured flow speed.
MODELS OF THE 2-D WIND SENSOR

PI.
A three-dimensional numerical model In order to investigate the influence of a displacement of the chip on the ceramic a set of numerical models was built with means of Coventorware ( Figure 3 ). The models are similar to the one reported in [3] .
The structure of the sensor was thermally isolated so the only heat loss was through convection. The temperature of the air was set to 300K and wind speed was varied from 1 to 6 m/s. ments is shown in figure 4 . A constant wind speed of 6 m/s was used. The chip is displaced along the East-West axis only, in East direction. The temperature difference measured by the East-West thermopile is almost unaffected by the chip's displacement, whereas that measured by the North-South thermopile deviates from the centered case. It should be noted that due to its square geometry, even a centered sensor exhibits small amplitude and angle errors.
The computed flow direction and amplitude using (6) and (7) is shown in figure 4b and 4c. After removal of the offset using (8) and (9) an improvement is seen but still the average angle and amplitude errors are larger than the one for the centered sensor ( Figure 5 ).
An electrical model
In order to investigate the effects of thermal compensation, the compensating heat distribution must be determined. This could be determined by trial-and-error using the numerical model of the sensor. However, due to the model's complexity this could be a very time consuming process. Instead, an electrical model of the sensor at zero flow was made. The model is based on the fact that thermal relations may be modeled as electrical networks due to the similarity of the underlying equations. In this manner quick investigation of the sensor's displacement was performed in MicroSim.
The analysis of the results showed that the output voltage of a thermopile is zero if the chip is well centered on the ceramic and for absence of flow. If the chip is displaced then the temperatures at the thermopile's ends differ. This means that the sensor measures the presence of airflow while there is none. An electrical servo loop was used to control the heaters in a way to equalize the temperatures at the thermopile ends. This is a fast method of calculating the compensating powers. 
VERIFICATION WITH THE NUMERICAL MODEL
The compensating power distribution found with the electrical model was used in the numerical model of the sensor in order to correct for the chip's displacement. The result of this compensation, at ,a flow speed of 6 m/s, for the different displacements is simiLar to those obtained after subtracting the offset from the output signal (Figure 6 ). After the thermal compensation, the output signal of the sensor is left with a small offset. 'This offset could also be subtracted from the signal. Although in both cases the absolute value of the angle error widh thermal compensation is larger than the angle error when the offset is simply subtracted (the difference between them is less than 0.6 degree) the average value of the error is slightly smaller. This means that the symmetry between the sine and cosine value of the output signal is improved. The absolute value of the angle error is less than 2". The absolute value of the error when the chi^ is centered is less than 1.15" and its average value is 0.005". In both cases, when a thermal compensation is used and when the offset is subtracted, an amplitude error less than 1.5 % is observed. 
CONCLUSIONS
It has been shown that packaging asymmetry causes errors in the output of the investigated 2-D wind sensor. Packaging asymmetry causes thermal unbalance in the sensor which, in turn, distorts the output signal and introduces offsets. Such thermal unbalance can be reduced by adjusting the heat distribution in the sensor. Alternatively, the offset may be simply subtracted from the output signal. However, simulations show that thermal compensation produces slightly better results.
By using an electrical model of the sensor, we have developed a simple method of determining the compensating heat distribution. This compensation affects both the offset and the distortion of the signal. After compensation, the angle error was lowered to less than 2". This method of compensation will be further verified in the real sensor.
